Abstract cause the variability in root hydraulic properties that exists among plant species. Previous research suggested that the hydraulic properties of root systems of intact plants could be
Introduction
water potential gradient required to induce flow. In this study, Lp r and offset were correlated with anatomRoots impose the greatest resistance to liquid water flow ical features of the root radial path in plants with in the soil-plant-atmosphere continuum (SPAC ). Thus, contrasting root anatomy. Two woody and three herbtheir hydraulic conductivity (per unit root surface area aceous species were examined which exhibit a range conductance, Lp r ) has been the subject of numerous of root anatomical features: Asparagus densiflorus studies. From this research, paradigms have arisen con-(Kunth) Jessop (asparagus), Dendrobium superbum cerning the radial pathway of water flow through roots Rchb. f. (dendrobium), Glycine max (L.) Merr. (soybean), and the nature and position of the resistance elements in Prunus persica (L.) Batsch. (peach), Citrus aurantium roots. Three pathways are generally considered: the apo-L. (sour orange). Lp r varied about 8-fold, and the offset plastic pathway, the symplastic pathway and the transcelvaried about 6-fold among the five species. Lp r was lular pathway; the 'cell-to-cell' pathway is a combination inversely related to root diameter (r2=0.39) and cortex of the latter two (see reviews by Steudle, 1994; Steudle width (r2=0.55) , suggesting that species with thinner and Peterson, 1998). Traditionally, the apoplastic path roots or roots with a thin cortex had the highest Lp r . was favoured, where water follows a low resistance apoFurther observations suggested that the cortex width plastic route around cortical cell protoplasts until it was a stronger determinant of Lp r than root diameter. reaches the Casparian bands of the endodermis (or in However, the offset was not correlated with root diasome plants the exodermis), where it must traverse the meter, stele diameter or cortex width, but was >2-fold inner and outer tangential membranes of these cells, or higher in species having an exodermis in the root radial travel symplastically before reaching the xylem. This path (sour orange, asparagus, and dendrobium) cominterpretation was based partially on experiments pared to those lacking an exodermis (peach and employing dyes which showed apoplastic barriers to solusoybean). The data of root Lp r obtained were similar tion movement in the root (Peterson et al., 1981;  Hanson to those given in the literature for both intact plants et al., 1985) . Dye was deposited in the intercellular spaces and excised roots which have been measured with and cell walls of the cortex, but blocked at the apoplast different techniques. It is concluded that Lp r and of the endodermis, although a completely apoplastic route offset, which describe the flow-water potential relato the xylem has been demonstrated along the margins tionship for intact root systems, are related to differof lateral roots (Peterson et al., 1981) . Other lines of ences in the root cortex; specifically, its thickness and evidence include positive correlations between the number the presence/absence of a suberized exodermis.
of passage cells in the endodermis and root hydraulic conductivity (Huang et al., 1995, cited in Peterson and Hence, these anatomical differences may, in part, Enstone, 1996) , and the observation that suberization of Materials and methods the endodermis is frequently associated with a drastic Plant material reduction in water uptake in more mature regions of the Five species were selected based on descriptions given in root (Clarkson and Robards, 1975; Melchior and Perumalla et al. (1990) and Peterson and Perumalla (1990) to Steudle, 1993) .
give a wide range of root anatomical features: soybean, peach, The advent of the root pressure probe (Steudle and sour orange, asparagus, and dendrobium. In particular, these species were reported to differ in the structure of the exodermis, Jeschke, 1983) has, in some plants, provided evidence ranging from none in soybean to a multiseriate exodermis with favouring the symplastic or transcellular pathways, or a suberized Casparian bands in asparagus. Peach and sour orange combination of the two (cell-to-cell ), where water enters are both reported to have a uniseriate exodermis with Casparian the epidermis and flows symplastically or across membands (Perumalla et al., 1990) , but sour orange roots are branes of each cell toward the stele. In other plants, the generally much thicker than those of peach, and the exodermis in sour orange is more anatomically distinct. Dendrobium has apoplastic path dominated or the relative importance of a typical orchid root anatomy with a multiseriate epidermis components varied depending on the conditions (Steudle (velamen) which is water-permeable, and a uniseriate exodermis et al., 1987) . In barley, the summation of membrane with Casparian bands.
resistances of cortical cells in a radial file was found to Soybean, peach, and sour orange were grown from seeds, be similar in magnitude to the whole-root hydraulic and were approximately 2, 4, and 6 months old at the time of the experiment (respectively), and of comparable size. Asparagus resistance, suggesting that the transcellular route may be was propagated by division of older plants and grown for about operating (Steudle and Jeschke, 1983) . Puncturing the 3 months to regenerate new root systems. Dendrobium orchids endodermis of maize roots did not change their hydraulic were 2-3-years-old, obtained from the Georgia State Botanical conductivity materially. This indicated that the endoGarden. All plants except dendrobium were grown in coarse dermis may not be the major resistance element in roots sand media in a greenhouse for 1-3 months prior to measurement. Dendrobium was grown in coarse pine bark mulch (Peterson et al., 1993 , Steudle et al., 1993 and Peterson, 1998). In a study of root water uptake of intact, transpiring
Root hydraulic conductivity and offset plants, Rieger and Motisi (1990) reported that water uptake of whole root systems was a function of two
The Lp r and offset were estimated using whole, intact plants following the procedure of Rieger and Motisi (1990) . Basically, parameters: the hydraulic conductivity (Lp r ), given by the plants were enclosed in a 42 l gas exchange system, with the slope of the flow/water potential gradient relationship, root systems and several basal leaves (or shoots) left outside and the offset, given by the intercept of this relationship the chamber. Plants were watered to leach excess fertilizer salts to the water potential gradient axis. The offset has been and pots were placed in basins of water to raise soil water potentials above −10 kPa. Transpiration of basal leaves outside interpreted as the minimum water potential gradient the chamber was prevented by wrapping them in parafilm and across roots required to initiate flow (Passioura and foil, and they were used to estimate the xylem pressure potential Munns, 1984; Steudle, 1994) , and can be eliminated by at the stem base (Hellkvist et al., 1974) . Various rates of severing the root system of an intact plant under water transpiration were induced by changing chamber conditions.
( Rieger and Motisi, 1990) . Both Lp r and offset were Steady-state water flux was verified by sequential measurements of wrapped leaf water potential (pressure chamber) and whole found to be lower in sour orange than in peach root plant transpiration rate.
systems (Rieger and Motisi, 1990) . Since sour orange
One or two replicates of each species were initially subjected roots are greater in diameter than peach, and possess a to three or more different conditions to verify linearity of the suberized exodermis (poorly developed or absent in water uptake/water potential relationship. Subsequent replicates peach), this raised the possibility that the greater diameter were subjected to only two conditions yielding a maximum and minimum rate of transpiration. Minimum rates of transpiration or the presence of an extra suberized layer in sour orange were obtained with high humidity and low light (<10 was responsible for the lower Lp r and offset. Here, the mmol m−2 s−1) conditions which induced a nearly complete hypothesis was tested that Lp r and offset were related to stomatal closure. Maximum rates were obtained under low anatomical features of the root radial path using whole, humidity and saturating light (>1500 mmol m−2 s−1); these intact root systems of five species with widely different rates differed from 2-20-fold. The steady-state values of whole plant transpiration ( y-axis) were plotted against the water root anatomy.
potential gradient across the root system (x-axis). The latter is Nobel, 1992; Rieger, 1995) .
to constant mass at 70°C.
Offsets varied several-fold among species, and drought stress increased the offset in peach, but not in soybean Vaughn, 1987) to detect the presence of suberin in the endodermis and exodermis. Perumalla et al. (1990) reported that the presence of suberin was indicative of water-impermeable Casparian bands in over 150 species. Thus, in the present study, Sudan staining in the exodermis or endodermis was taken as an indication of an apoplastic barrier to water flow.
Statistics
There were six to eight replicates for each species, and one Lp r /offset estimate and 2-4 root cross-sections per replicate. Data were analysed by analysis of variance for differences among species, and by correlation or regression for associations between Lp r and offset and root anatomical features (Proc CORR and GLM, SAS, SAS Institute, Cary NC ).
Results
Root hydraulic conductivity and offset An example of water uptake/water potential gradient were induced by exposing the plant canopy to various light intensity and humidity conditions. relationship for intact soybean plants is presented in Table 1 . Root anatomical characteristics and root system hydraulic conductivity for the five species chosen for study The drought-stressed peach and soybean plants were the same age and cultivar as the well-watered group, but were exposed to moderate water deficits for about 3 weeks prior to measurement. to obtain a clearer picture of the relationships between root anatomy and Lp r and offset. Among the species chosen, anatomical features of roots were highly variable and generally consistent with descripLp r was negatively correlated with root diameter, indicating that thinner roots had greater hydraulic conductivity tions given by Perumalla et al. (1990) and Peterson and Perumalla (1990) (Fig. 2) . Within species, root diameters (Fig. 3) . However, Lp r was not significantly correlated with SRL which is sometimes used as an index of root thickness. varied little: only a small fraction of the root system (not more than 5%) had secondary growth, and root browning This suggested that the radial path length, not the mass per unit of root length governed Lp r more strongly. was not observed. Root and stele diameters, and the width of the cortex varied about 2-3-fold among species, but were The width of the cortex was negatively correlated with Lp r ( Fig. 4) . Regression of Lp r on cortex width explained not significantly altered by drought stress in peach or soybean (Table 1) . Specific root length (SRL, m of root more of the variation in Lp r than any other single parameter in this study (55%). length g−1 dry mass) varied more than 10-fold among species and was inconsistently affected by drought stress:
Lp r was negatively correlated with specific endodermal surface area, calculated as the m2 of tangential endo-SRL decreased in peach but increased in soybean. Since root and stele diameters were similar between droughtdermal cell area m−1 of root (data not shown). This suggested that roots presenting more suberized endostressed and non-stressed plants, changes in SRL were not due to root thickening or epidermal/cortex sloughing.
dermal wall area per unit of root length had lower conductivities, although the strength of the relationship Sudan staining, indicative of suberin, was observed in the endodermis of all species. According to Sudan staining was quite low (r2=0.23). This would likely occur in roots having the endodermis positioned closer to the epidermis a distinct exodermis was observed in asparagus, dendrobium, and sour orange, but not in peach and soybean than to the root centre. The offset was negatively correlated with SRL (r= roots. This agrees with results obtained using more sophisticated microscopic tests (Perumalla et al., 1990) with −0.51), suggesting that roots less massive per unit length had a lower minimum water potential gradient required two exceptions: (1) a suberized exodermis was not observed in peach, and (2) asparagus roots had only a to initiate flow. Since the offset was not correlated with Abbreviations: ex=exodermis, ep=epidermis, en=endodermis, c=cortex. Bar in lower right hand corner of each photograph equals 100 mm. Peach (A) has a collapsed epidermis, no exodermis, an endodermis with suberized interior tangential walls and Casparian bands in the radial wall. Asparagus (B) shows a multiseriate epidermis and an exodermis with suberized radial and outer tangential walls; the endodermis shows passage cells opposite xylem vessels, with suberized radial and tangential walls of single endodermal cells interspersed. Soybean (C ) has a collapsed epidermis, no exodermis, and an endodermis with weak suberin staining in the interior tangential wall. Sour orange (D) has an intact epidermis, an exodermis with suberized outer tangential walls, and an endodermis with large passage cell areas at the protoxylem poles and suberized interior tangential walls of cells between protoxylem poles. Dendrobium (E ) shows a multiseriate epidermis or velamen, an exodermis with suberized radial and tangential walls with occasional passage cells, and an endodermis also with groups of cells having suberized radial and tangential walls interspersed with passage cells opposite large xylem elements. root, stele or exodermal diameters, or cortex width, this diameter suggested that most of the resistance to water flow lay within the endodermis. In this study, however, was not due to root thickness or the position of suberized layers in roots, but the dry matter content of the tissue. significant correlations were found between Lp r and root diameter ( Fig. 3) and Lp r and cortex width ( Fig. 4) , However, when species were pooled into two groupsthose with exodermis and endodermis versus those with unlike Newman's study. This suggests that the main resistance does not reside in only one cell layer, because endodermis only-the offset was 0.28 MPa for species with two suberized layers versus 0.12 MPa for those with the longer the radial path to the xylem, the lower the Lp r . Since cell walls can impose an appreciable resistance to only one suberized layer, significantly different at P<0.05.
water flow (Peterson and Steudle, 1993) , either symplastic, transcellular or apoplastic flow across the cortex Discussion would be consistent with the inverse relationship between Lp r and root diameter or cortex width. Thus, relationships In this study, a similar approach has been taken to that of Newman (1973) , who reported that Lp r differed among in Figs 3 and 4 do not necessarily rule out an apoplastic pathway across the root, but suggest that the hydraulic five herbaceous species by an order of magnitude, yet was not correlated with root anatomical features. He conresistance of the cortex is significant compared to that of suberized layer(s). cluded that the lack of correlation of Lp r with root layers dominated Lp r , one would expect sour orange with two suberized layers to have lower Lp r than soybean with only one suberized layer. Furthermore, when the five species were pooled into two classes-those with exodermis and endodermis versus those with endodermis only-Lp r values were 4.5×10−8 and 5.7×10−8 m s−1 MPa−1, respectively, which were not statistically different (P>0.05).
Further support for the importance of the cortex in Lp r is found when comparing peach and dendrobium. Due to the very large stele and presence of the velamen in dendrobium, these species had different root diameters, yet similar cortex widths. They also had similar Lp r , supporting a strong role for the cortex in determining Lp r . Also, peach had only a suberized endodermis, whereas dendrobium had both a suberized endodermis Lp r if suberized cell layers largely determined resistance to water movement. This argues against the traditional view of an apoplastic pathway where the resistance in the cortex is thought to be much lower than that of the endodermis (or exodermis).
A similar observation is made when comparing asparagus and dendrobium. These species had similar root diameter, and both had two apoplastic barriers to water flow, yet different cortex width. Despite similar root diameter and an equal number of suberized layers, the species with the thinner cortex (dendrobium) had the higher Lp r . Drought stress reduced Lp r by about 80% in peach and soybean ( Table 1) . This was comparable to differences between the highest and lowest Lp r values among nonstressed plants. Thus, drought, and perhaps other environmental stresses (O'Leary, 1971; Zekri and Parsons, 1989) can cause differences in Lp r of similar magnitude to widely different root radial anatomy. The fact that drought reduced Lp r without inducing gross anatomical changes in roots indicates that factors not readily One possible confounding effect in the root diameter correlation with Lp r is the positive correlation between observed in root cross-sectional features are also important in determining Lp r . Roots of drought-stressed plants the degree of exodermal suberization and root diameter as reported for Citrus ( Eissenstat, 1992) . If the degree of are often suberized closer to tips (Drew, 1987) , and/or the extent of suberization is increased by drought (Nobel suberization of the exodermis (or endodermis) increases with root diameter for plants in general, then correlation and Huang, 1992; North and Nobel, 1992) , which could explain the drop in Lp r due to drought in this study. between root diameter and Lp r found here could be a casual association. It should be noted that the staining However, air lacunae formation in the cortex also occurs following drought, which may contribute to reduced technique used only allowed an assessment of the presence or absence of suberin. It did not allow the extent of radial conductivity (North and Nobel, 1992; Nobel and Huang, 1992) . Although not quantified, air lacunae were suberization to be judged.
Other observations from this study are consistent with observed more often in drought-stressed than non-stressed roots in our study, and thus the drought-induced drop in the idea of appreciable resistance to water flow through the cortex. For example, soybean (non-stressed) and sour Lp r may have been partially attributed to disruption of the cortex. Alternatively, aquaporins (membrane water orange had similar Lp r and root diameter, yet soybean lacked an exodermis whereas sour orange had both a channels) may be important in determining root hydraulic conductivity (Steudle, 1997), and it is possible that suberized exodermis and endodermis. If suberized cell drought stress negatively influenced the development and
